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Absolute differential cross sections for the reaction ep →
epγ have been measured at a four-momentum transfer with
virtuality Q2 = 0.33 GeV2 and polarization ǫ = 0.62 in the
range 33.6 to 111.5 MeV/c for the momentum of the outgo-
ing photon in the photon-proton center of mass frame. The
experiment has been performed with the high resolution spec-
trometers at the Mainz Microtron MAMI. From the photon
angular distributions, two structure functions which are a lin-
ear combination of the generalized polarizabilities have been
determined for the first time.
PACS numbers: 13.60.Fz, 14.20.Dh, 13.10.+q, 25.30.Rw
Polarizabilities are fundamental quantities that char-
acterize the response of a composite system to static or
slowly varying external electric or magnetic fields. For
the proton, Compton scattering of real photons has been
used to determine the electric and magnetic polarizabili-
ties [1]. In this letter, we report measurements of Comp-
ton scattering of virtual photons, leading to the first de-
termination of generalized polarizabilities (GPs). Virtual
Compton scattering (VCS) off the proton refers to the re-
action γ∗p→ pγ where γ∗ stands for an incoming virtual
photon of four-momentum squared Q2. This reaction is
experimentally accessed through photon electroproduc-
tion ep → epγ. We study this reaction in the regime
where the produced photon has a small enough energy
that its electric (E) and magnetic (M) fields look con-
stant over the size of the nucleon. In this regime the
reaction can be interpreted as electron scattering on a
nucleon placed in a quasi-constant applied EM field [2].
The induced motion of the nucleon as a whole can be
eliminated thanks to a low energy theorem [3], so one is
left with the deformation, due to the applied field, of the
nucleon internal currents δJµ(r) and the electron scat-
tering measures its Fourier transform δJµ(Q). To lowest
order in αQED, δJ
µ(Q) is linear in the applied field and
the 6 coefficents of proportionality are the GPs [2,4,5].
When Q2=0 two of them reduce to the usual polarizabil-
ities αE and βM measured in real Compton scattering [1].
A measurement of how the nucleon’s internal current dis-
tribution is deformed by an external EM field will yield
valuable information about its non perturbative struc-
ture. This is illustrated by the quite different results
obtained for the GPs according to the used model [6–10].
As an example of new information provided by VCS and
which could not be obtained either from ordinary elec-
tron scattering or real Compton scattering, consider the
case of Coulomb scattering on a nucleon placed in a mag-
netic field. The action of the latter is mainly to flip the
spin of the quarks, which hardly modifies the charge den-
sity. Therefore the corresponding GPs (namely P (11,00)1
and P (11,02)1 in Eq. 3) receive no contribution from the
quarks. This is confirmed by actual calculations. As a
consequence the value of these GPs should be mainly de-
termined by the pion cloud.
First indications of the feasibility of a VCS experiment
were reported in [11]. However only recently, with the ad-
vent of high-intensity continuous beam electron acceler-
ators, a thorough experimental investigation of the VCS
process became possible. This letter reports on the first
VCS experiment dedicated to the GPs which has been
performed at the Mainz Microtron MAMI.
The general theoretical framework for VCS has been
extensively described by Guichon et al. [4,2] and by
Drechsel et al. [5] and only the relevant issues will be dis-
cussed here. In the reaction ep → epγ, the final photon
can be emitted either by the electron, which is called the
Bethe-Heitler (BH) process, or by the proton. The lat-
ter process is the VCS process which consists of Born and
Non-Born amplitudes; while the Born amplitude depends
only on static properties of the proton (charge, mass,
form factors), the Non-Born amplitude contains dynam-
ical internal structure information in terms of GPs. De-
spite of the strong dominance of the BH process, the
VCS process can be measured under appropriately cho-
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sen kinematics through the interference with the domi-
nant BH amplitude. In the zero-energy limit of the final
photon, the cross section is independent of the dynami-
cal nucleon structure [3], and can be evaluated using only
the known BH and Born amplitudes. This is summarized
by the following expression:
d5σexp(q, q′, ǫ, θ, ϕ) = d5σBH+Born(q, q′, ǫ, θ, ϕ)
+ φq′Ψ0(q, ǫ, θ, ϕ) +O(q′2) (1)
where d5σ is a notation for the differential cross section
d5σ/dk′lab[dΩe]lab[dΩp]CM wherein k
′
lab is the absolute
value of the outgoing electron momentum in the labo-
ratory, q and q′ are the absolute values of the three-
momenta of the virtual and real photons (in the photon-
proton center of mass (CM) system) respectively and ǫ
is the virtual photon polarization. θ is the angle between
the real and virtual photon in the CM system and ϕ is
the angle between the electron and the photon-proton
plane. φ stands for a phase space factor. Ψ0(q, ǫ, θ, ϕ) is
the leading term in the expansion in powers of the real
photon momentum q′. It contains the dynamical internal
structure information of the proton, expressed by 6 GPs.
The latter are denoted by P (ρ
′L′,ρL)S(q) where L(L′)
are the initial (final) photon orbital angular momentum,
ρ(ρ′) the type of multipole transition (0 for Coulomb, 1
for magnetic) , and S distinguishes between non-spin-flip
(S = 0) and spin-flip (S = 1) transitions at the nucleon
side. One has 2 non-spin-flip GPs, P (01,01)0, P (11,11)0,
proportional to αE and βM at Q
2 = 0 respectively, and
4 spin-flip GPs, P (11,11)1, P (11,00)1, P (11,02)1, P (01,12)1.
The GPs are functions of q (or Q˜2 = Q2|q′=0). In an
unpolarized measurement, Ψ0(q, ǫ, θ, ϕ) can be written
as:
Ψ0(q, ǫ, θ, ϕ) = v1(θ, ϕ, ǫ)(PLL(q)− PTT(q)/ǫ)
+ v2(θ, ϕ, ǫ)PLT (q) (2)
where v1(θ, ϕ, ǫ), v2(θ, ϕ, ǫ) are known kinematical fac-
tors and PLL(q), PTT (q) and PLT (q) are structure func-
tions defined by:
PLL = − 2
√
6mGEP
(01,01)0
PTT = 3GMq
2
(√
2P (01,12)1 − P (11,11)1/q˜0
)
PLT =
√
3
2
mq
Q˜
GEP
(11,11)0
+
√
3
2
Q˜
qGM (P
(11,00)1 + q
2
√
2
P (11,02)1) (3)
where m stands for the proton mass, GE and GM denote
the form factors evaluated at Q˜2 and q˜0 is the CM virtual
photon energy at q′ = 0.
Absolute cross sections d5σexp [12–14] have been mea-
sured using the three-spectrometer facility [15] of the A1
collaboration at the 855 MeV Mainz Microtron MAMI.
The scattered electron and the recoiling proton were de-
tected in coincidence with two of the high-resolutionmag-
netic spectrometers. The photon production process was
selected by a cut on the missing mass around zero, which
was possible thanks to the excellent resolution of the fa-
cility (momentum resolution of 10−4 and angular resolu-
tion better than 3 mrad). Liquid hydrogen served as a
target, contained in a target cell of 49.5 mm total length
with a havar wall thickness of 9 µm. The use of typ-
ical electron currents of 30 µA yielded a luminosity of
L = 4 · 1037 cm−2s−1.
In this first VCS experiment below pion threshold, the
five-fold differential cross section was measured in a wide
angular range at 5 values of the photon momentum q′:
33.6, 45.0, 67.5, 90.0, and 111.5 MeV/c. Two kinemati-
cal variables were kept fixed, namely the virtual photon
momentum, q = 600 MeV/c (Q˜2 = 0.33 GeV2) and the
polarization ǫ = 0.62. The out-of-plane angle ϕ range is
determined by the acceptance of the two spectrometers
around 0◦ and 180◦. To ease the presentation (see Fig.
1), the data are plotted with θ ranging from -180◦ to
+180◦, the negative values correspond to ϕ = 180◦. The
wide range of θ from -141◦ to +6◦ was covered by only
changing the setting of the proton spectrometer. This an-
gular range covers the backward direction relative to the
incoming and outgoing electron. Here the VCS contribu-
tions are dominant because the BH radiation is mainly
emitted in the electrons directions.
The influence of the GPs gives rise to a small devia-
tion of the measured cross section from the BH+Born
cross section. Theoretically it is expected to be about
10% at the highest q′ value. The cross sections at each
bin are determined within a statistical accuracy of 3%;
however, a careful analysis of possible systematic errors
on the above deviation is of particular importance. (1)
The proton form factors are not exactly known. Conse-
quently, we also measured the absolute elastic scattering
cross section for each kinematical setting of the VCS ex-
periment. These measurements validate the use of the
form factor parametrization from Ho¨hler [16] at a pre-
cision better than ± 1%. (2) The luminosity and the
detector efficiencies are controlled within the same ac-
curacy. (3) The radiative corrections, which are of the
order of 20% of the cross section, have been calculated
by Vanderhaeghen et al. [17] taking into account all the
diagrams up to order α4 in the VCS cross section. The
corresponding systematic uncertainties are estimated to
equal±2%. (4) An extensive Monte Carlo simulation [18]
has been performed in order to verify the missing mass
spectra and to determine the solid angles within an accu-
racy of ±2%. The code generates events according to the
BH+Born cross section and takes into account all resolu-
tion deteriorating effects and real photon radiations. (5)
While the uncertainties (1)-(4) are constant over the an-
gular range of the real photon, small imperfections in the
spectrometer optics calibration produce distortions of the
angular distributions: these effects lead to an estimated
change in absolute cross section of ±2.5%.
Fig. 1 shows the measured differential cross sections
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(with statistical errors only) as a function of θ for 5 val-
ues of the real photon momentum. The cross sections
d5σBH+Born, calculated using the Ho¨hler form factors,
are presented by the solid lines. At the smallest photon
momentum, q′ = 33.6 MeV/c, the agreement between the
data and d5σBH+Born is excellent, while with increasing
q′ one observes growing deviations from this known cross
section. This represents the effect of the polarizabilities.
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FIG. 1. Differential cross section for the reaction ep→ epγ
measured at MAMI as a function of θ for q = 600 MeV/c or
Q˜2 = 0.33 GeV2, ǫ =0.62 and for five values of the real photon
momentum q′. The known cross section d5σBH+Born is indi-
cated by the solid lines. The experimental data points deviate
from the solid lines as q′ increases; this is the effect of the pro-
ton polarizabilities. The dotted lines represent the theoretical
cross sections including the effect of the GPS, determined in
this experiment.
Fig. 2 shows (d5σ − d5σBH+Born)/φq′ as a function
of the real photon momentum q′ at the 14 measured an-
gles θ, of which the intercept with the ordinate axis di-
rectly yields Ψ0 in Eq. (1). Several methods were applied
in order to determine the intercept, which will be dis-
cussed in a forthcoming paper. The methods that were
tried, taking into account a possible q′ dependence of
(d5σ − d5σBH+Born)/φq′, all show that this dependence
is weak. As such, here the most simple approach was
used, i.e. no q′ dependence. Ψ0 is then determined at
each angle θ by the weighted mean value of the data at
the 5 photon energies. Fig. 3 presents the resulting val-
ues of Ψ0/v2 as a function of v1/v2 (cf. Eq. (2)). The
data are well aligned, this allows us to extract the two
structure functions PLL − PTT /ǫ and PLT as the slope
and intercept, respectively, of a linear fit to the data.
Table 1 shows the results with a statistical error and
two systematic errors, the first one corresponds to the
normalisation of the angular distributions, the second one
stems from the distortion of the distributions. All these
effects will be evaluated in detail in a forthcoming paper.
The other methods for obtaining the combinations give
within the error bars compatible results with the ones
that are presented here. The dotted lines in Fig. 1 are
the theoretical cross sections calculated using the two
structure functions measured in this experiment.
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FIG. 2. (d5σ− d5σBH+Born)/φq′ measured as function of
the real photon momentum q′ at 14 angles θ. The intercept
with the ordinate is Ψ0. The shaded bands represent the
uncertainty in the extrapolation to q′ = 0 by a constant.
Our results for the two structure functions are also
compared in Table 1 with different model predictions:
a heavy-baryon chiral perturbation theory calculation
(HBChPT) [6], the linear sigma model (LSM) [7], an ef-
fective lagrangian model (ELM) [8] and two non relativis-
tic constituent quark models (NRCQM) [9,10]). The re-
sults seem to favour the HBChPT which at least for PLT
may not be so surprising since this approach is based on
chiral symmetry and therefore should correctly describe
the pion cloud which dominates P (11,00)1 and P (11,02)1,
as it was pointed out in the introduction. Note that the
LSM model also respects chiral symmetry but it con-
tains otherwise too restrictive hypotheses. The apparent
agreement of the NRCQM models for PLT is accidental.
It is known that at Q2 = 0 these models overshoot the
experimental value of P (11,11)0 by at least a factor 2.
To summarize, results are reported on the first VCS
experiment which allows the determination of two dy-
namical structure functions which are a linear combina-
tion of the GPs. The measurement has been performed
at MAMI at Q2 = 0.33 GeV2 and gives results com-
3
patible with chiral perturbation predictions. Two other
experiments, aiming at the determination of the same
structure functions are performed at different Q2: the
Jefferson Lab. experiment [19] at Q2 = 1 and 2 GeV2
and the MIT-Bates experiment [20] at Q2 = 0.05 GeV2.
However, to measure independently the 6 GPs and sep-
arate non-spin-flip and spin-flip contributions, it will be
necessary to perform double polarization experiments.
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FIG. 3. Ψ0/v2 as a function of v1/v2. The errors are
statistical only. The line represents the linear fit to the data
according Eq. (2) with the values for PLL − PTT /ǫ and PLT
shown in the graph.
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TABLE I. The structure functions determined in this ex-
periment and compared to model predictions at Q2 = 0.33
GeV2 and ǫ = 0.62. The first error is statistical only, while
the two others are systematic as commented in the text. Pre-
vious results[1] at Q2 = 0 and comparison to the same models
are also presented.
PLL(Q
2)− 1
ε
PTT (Q
2) PLT (Q
2)
(in GeV−2) (in GeV−2)
Q2 = 0.33 GeV2
This experiment 23.7 -5.0
± 2.2 ± 0.6 ± 4.3 ± 0.8 ± 1.1± 1.4
HBChPT [6] 26.0 -5.3
LSM [7] 11.5 0.0
ELM [8] 5.9 -1.9
NRCQM [9] 11.1 -3.5
NRCQM [10] 14.9 -4.5
Q2 = 0 GeV2
Old experiments [1] 81.0 -7.0
± 5.4 ± 3.3 ∓ 2.7 ∓ 1.7
HBChPT [6] 83.5 -4.2
LSM [7] 49.8 +6.6
ELM [8] 47.8 -5.2
NRCQM [9] 37.1 -13.1
NRCQM [10] 37.0 -15.8
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